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Tissue-speci®c bHLH proteins play important roles in the speci®cation and differentiation of neural cell lineages in inverte-
brate and vertebrate organisms. Two groups of bHLH proteins, atonal and achaete-scute, have proneural activities in
Drosophila, and the mouse achaete-scute homolog MASH1 is required for the differentiation of several neural lineages. In
a screen for proteins interacting with MASH1, we have isolated a novel bHLH protein related to atonal, named MATH4A,
which is broadly expressed in neural precursor cells in the mouse embryonic CNS and PNS. Interaction assays in yeast
and in vitro demonstrate that MATH4A interacts ef®ciently with both MASH1 and the ubiquitous bHLH protein E12.
MATH4A-E12 heterodimers, but not MATH4A-MASH1, bind to a consensus E-box sequence. Math4A expression is re-
stricted to undifferentiated neural precursors and is complementary to that of Mash1 in most regions of the nervous system.
In particular, Math4A is transcribed at high levels in the cerebral cortex, dorsal thalamus, and epibranchial placodes, which
present little or no Mash1 expression. However, expression of the two genes shows limited overlap in certain CNS regions
(retina, preoptic area of the hypothalamus, midbrain, hindbrain). Its structure and expression pattern suggest that MATH4A
may regulate an early step of neural development, either as a partner of ubiquitous bHLH proteins or associated with other
neural-speci®c bHLH proteins. q 1996 Academic Press, Inc.
INTRODUCTION encodes a bHLH factor required for development of chordo-
tonal organs and photoreceptors (Jarman et al., 1993, 1994).
Mash1 is the only known mouse gene homologous toTranscription factors of the basic helix-loop-helix (bHLH)
achaete-scute genes which is expressed in the developingclass (Murre et al., 1989) play important roles in the deter-
nervous system. Mash1 transcripts and protein are presentmination and differentiation of cell lineages in vertebrate
in proliferating precursors in the CNS and the autonomicand invertebrate species (Jan and Jan, 1993; Olson and Klein,
nervous system (Lo et al., 1991; Guillemot and Joyner,1994). The functions of bHLH proteins in the development
1993). A null mutation of Mash1 in mice leads to a speci®cof neural lineages have been extensively examined, particu-
loss of olfactory and sympathetic neurons (Guillemot etlarly in Drosophila. In this organism, several families of
al., 1993). In Mash1 mutant embryos, neural precursors areproneural genes regulate the production of neural precursors
being generated but their development is blocked beforein the peripheral nervous system (PNS) and central nervous
the stage of terminal differentiation (Sommer et al., 1995).system (CNS). Genes of the achaete-scute family encode
Recently, several mammalian genes related to DrosophilabHLH proteins required for the development of external
atonal have also been isolated. The genes MATH1, MATH2/sensory organs and subsets of precursors in the CNS (Cam-
Nex1, BETA3, and kw8/NDRF were identi®ed by sequencepuzano and Modolell, 1992). The proneural gene atonal also
conservation within their bHLH domains (BartholomaÈ and
Nave, 1994; Akazawa et al., 1995; Shimizu et al., 1995;
Kume et al., 1996; Peyton et al., 1996; Yasunami et al.,Sequence data from this article have been deposited with the
1996), and NeuroD/BETA2 by its ability to dimerize withEMBL/GenBank and DDBJ Data Libraries under Accession No.
ubiquitous bHLH factors and bind to a speci®c DNA se-Y07621.
quence in yeast (Lee et al., 1995; Naya et al., 1995). NeuroD1 To whom correspondence should be addressed. E-mail: francois
@igbmc.u-strasbg.fr. was also shown to activate neuronal differentiation in ven-
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tral ectoderm cells, by forced expression in Xenopus em- with E12. Similar to Mash1, Math4A expression was con-
®ned to undifferentiated neural precursors. In many re-bryos (Lee et al., 1995). The expression patterns of the verte-
brate atonal-related genes suggest that these genes are re- gions of the embryonic CNS and PNS, expression of the
two genes was mutually exclusive. However, there werequired in different regions and at different stages of
development of the nervous system. NeuroD transcripts are domains of overlap, particularly in posterior regions of
the brain. Thus, MATH4A may function during earlypresent in cranial and dorsal root ganglia, in differentiating
neurons in several regions of the CNS, and in pancreatic stages of development of neural lineages, as a partner of
ubiquitous bHLH proteins, or associated with MASH1 orendocrine cell lines (Lee et al., 1995; Naya et al., 1995).
MATH1 is expressed in the dorsal neural tube and the exter- other neural-speci®c bHLH proteins.
nal granular layer of the cerebellum during embryonic and
early postnatal development and in adult intestinal epithe-
lial cells (Akazawa et al., 1995). MATH2/NEX1 is tran- MATERIALS AND METHODS
scribed in postmitotic neurons in the dorsal telencephalon
and in cerebellar granular cells, in both embryos and adults Plasmids
(BartholomaÈ and Nave, 1994; Shimizu et al., 1995). kw8/
In the yeast two-hybrid assays, LexA DNA-binding domainNDRF is broadly expressed in adult brain (Kume et al., 1996;
(DBD) fusion proteins were expressed from the pBTM116 plasmid
Yasunami et al., 1996). Thus, the mouse atonal-related (TRP marker) (Vojtek et al., 1993) and VP16 transcription activation
genes described so far are mostly expressed at later stages domain (TAD) fusion proteins from the pASV3 plasmid (LEU2
in neural lineages than Mash1. marker) (Le Douarin et al., 1995). The following sequences were
The activity of bHLH transcription factors requires their used to produce LexA and/or VP16 fusion proteins: mouse MASH1,
dimerization and binding to sequences that contain the con- G71 to A181 (Guillemot and Joyner, 1993); rat E12, A507 to L649
(Nelson et al., 1990); mouse Twist, S103 to H206 (Wolf et al., 1991);sensus motif CANNTG, referred to as an E-box (Murre et al.,
mouse MATH4A, G81 to S200 (Fig. 1).1989). Tissue-speci®c bHLH proteins dimerize preferentially
For in vitro transcription/translation experiments, an ATG startwith ubiquitous bHLH proteins such as E12. They usually
codon and a consensus Kozak sequence were introduced by PCRhomodimerize or heterodimerize poorly with other tissue-spe-
at the 5* end of the cDNAs to be translated and the correspondingci®c bHLH proteins (Cabrera and Alonso, 1991; Sun and Balti-
fragments were subcloned in pBluescript II(KS0). RNAs were syn-
more, 1991; Brown and Baer, 1994; Hsu et al., 1994), although thesized using the T7 RNA polymerase. The Math4A clone encodes
the neural bHLH protein HEN1 has been shown to self-associ- the full-length MATH4A protein preceded by: MAILAGRRARFR-
ate ef®ciently (Brown and Baer, 1994). The DNA binding prop- AAGTFPDTHRSSSCAATHLEPRR, resulting from the translation
erties of bHLH proteins are acquired upon dimerization of the pASV3 adaptor region and Math4A 5* untranslated sequence.
(Murre et al., 1989). Binding site selection experiments (Black- The Mash1 and NeuroD clones encode the full-length mouse
MASH1 and NeuroD proteins (Guillemot and Joyner, 1993; Lee etwell and Weintraub, 1990) and crystallographic studies (FerreÂ-
al., 1995). The E12 clone encodes mouse E12 starting at residueD'AmareÂ et al., 1993; Ellenberg et al., 1994; Ma et al., 1994)
D469 of the corresponding rat sequence (Nelson et al., 1990). Twisthave shown that each bHLH partner of a dimer binds predomi-
encodes mouse Twist from G102 to Q203 (Wolf et al., 1991).nantly to one half of the E-box, suggesting that the speci®c
For bacterial expression of the glutathione S-transferase (GST)composition of a bHLH dimer could in¯uence its DNA-bind-
fusions proteins, constructs were made in the pGEX-4T1 vector
ing speci®city. Indeed, distinct DNA-binding properties have (Pharmacia) and contained the following sequences: MASH1 (Q60±
been reported for homodimers of the tissue-speci®c protein F227), MATH4A (full-length protein preceded by the peptide RAR-
HEN1, compared to heterodimers of HEN1 and the ubiquitous FRAAGTFDTHRSSSCAATHLEPRR), E12 (D469 to the end), Twist
protein E12, or to E12 homodimers (Brown and Baer, 1994). (G102 to Q203).
In addition, dimerization with the Id HLH proteins, which
lack a basic region, abolishes the DNA-binding activity of
Yeast Interaction ScreenbHLH proteins (Benezra et al., 1990). The activities of bHLH
proteins have also been shown to be modulated by interac- Two hundred milligrams of a mouse embryonic (9.5±12.5 d.p.c.)
tions with other classes of nuclear factors, such as MADS cDNA library cloned in the yeast LEU2 VP16 TAD expression
domain proteins (Molkentin et al., 1995), leucine zipper pro- vector (vom Baur et al., 1996) was introduced by LiAc transforma-
tion into the yeast L40 reporter strain [MATa trp1-901 leu2-3, 112teins (Bengal et al., 1992), and LIM domain proteins (Larson
his3-D200 ade2 LYS:: (LexAop)4-HIS3 URA3:: (LexAop)8-LacZ; 3]et al., 1996).
(Vojtek et al., 1993) expressing the fusion protein LexA-MASH1.In order to identify factors that could regulate MASH1
Yeast transformants (4 1 106) were selected on Trp0 Leu0 platesactivity, we have performed a two-hybrid screen in yeast
and replated at a multiplicity of 10 onto Trp0 Leu0 His0 platesusing the bHLH domain of MASH1 as an interaction part-
containing 25 mM 3-amino-1, 2, 4-triazole (3AT). After 6 days ofner. In this article, we report the cloning of a cDNA en-
incubation, 626 clones were isolated. Two hundred clones were
coding a novel bHLH protein, referred to as MATH4A, analyzed further by puri®cation, conversion to the plasmid form,
which belongs to a subfamily of atonal-related proteins. and retransformation with LexA-MASH1, LexA-E12, LexA-Twist,
MATH4A could dimerize with both the ubiquitous bHLH LexA-Lamin, (Vojtek et al., 1993) or unfused LexA to test for speci-
protein E12 and the neural-speci®c protein MASH1, but ®city of interactions. The clones showing a speci®c interaction
with LexA-MASH1 were sequenced.bound to an E-box consensus sequence only in association
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taining 50% formamide, 300 mM sodium chloride, and 30 mMb-Galactosidase Assay
sodium citrate.
Expression plasmids encoding LexA and VP16 fusion proteins In situ hybridization of digoxygenin-labeled probes on tissue sec-
were introduced sequentially in the yeast strain L40 by electropora- tions was performed essentially as described by Myat et al. (1996).
tion. Three independent transformants were grown in selective liq- Brie¯y, embryos were ®xed in 4% paraformaldehyde in PBS at 47C
uid media lacking Leu and Trp. b-Galactosidase activity was mea- for 1±2 hr, equilibrated in 20% sucrose in PBS at 47C for 4±6 hr,
sured as described (Ausubel et al., 1987). Ef®cient translation of mounted in 7.5% gelatin, 15% sucrose in PBS at 377C, frozen on
the fusion proteins was veri®ed by Western blot using speci®c anti- dry ice, and cut in 15-mm-thick sections. Thawed sections were
bodies against VP16 and LexA (data not shown). The ability of hybridized in a buffer containing 50% formamide, 200 mM sodium
the different bHLH fusion proteins to dimerize was monitored by chloride, 20 mM sodium acetate, and 10% dextran sulfate at 657C
interaction with either LexA-E12 or VP16-E12. overnight and washed in 50% formamide, 150 mM sodium chlo-
ride, 15 mM sodium citrate, 0.1% Tween 20 at 657C. Sections were
then incubated with an alkaline phosphatase (AP)-coupled anti-
In Vitro Protein Interaction Assays digoxygenin antibody (Boehringer Mannheim), washed, and pro-
cessed for AP activity with NBT/BCIP.Escherichia coli lysates containing GST fusion proteins were in-
The Math4A antisense RNA probe was synthesized from the 1.4-cubated with glutathione±Sepharose beads (Pharmacia) in NETN
kb full-length cDNA using T7 RNA polymerase. Similar resultsbuffer (20 mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 1 mM DTT,
were obtained using a probe corresponding to the last 29 amino0.1% NP-40) for 30 min at room temperature and washed three
acids of the protein (excluding the bHLH domain) and 543 bp of 3*times in NETN buffer. Five microliters of lysate containing the in
untranslated sequence. The Mash1 probe was synthesized from thevitro 35S-labeled translated protein was added to 30 ml of a 30%
2.0-kb full-length c2 cDNA clone (Guillemot and Joyner, 1993).suspension of GST fusion protein-coated beads in 200 ml of NETN,
For BrdU incorporation experiments, 2 mg of BrdU was injectedfor 1 hr at 47C. The resin was washed two times in NETN buffer
intraperitoneally into pregnant mice 2 hr before they were sacri-at room temperature, and bound proteins were eluted in SDS sam-
®ced, and embryos were harvested and ®xed as described above.ple buffer and analyzed by SDS±PAGE and autoradiography (Pat-
Sections were processed for RNA in situ hybridization, washed inrick et al., 1993).
PBS, incubated in 2 M HCl at room temperature for 45 min, rinsed
three times in PBS, and processed for immunocytochemistry as
described in Guillemot et al. (1993). Anti-class III b tubulin mono-DNA Binding Assay
clonal antibody and anti-BrdU antibody were from Sigma. Biotinyl-
ated anti-mouse immunoglobulin antibody and avidin±biotin com-A double-stranded oligonucleotide with the sense strand sequence
plex reagents were from the Vectastain kit (Vector).CTGCAGCTTCAGCCCCTCTGGCCATCTGCTGATCCG con-
taining the E-box of the rat insulin II enhancer RIPE3 (Shieh and Tsai,
1991) was labeled with [32P]ATP using the T4 polynucleotide kinase.
In vitro transcription and translation were performed using the TnT7 RESULTS
kit (Promega) according to manufacturer's instructions. Two to six
microliters of lysate was used in electrophoretic mobility shift assays.
Screening for Proteins Interacting with MASH1Binding reactions contained 5 mM Hepes, pH 7.9, 2.5 mM MgCl2, 5
Using the Yeast Two-Hybrid SystemmM EDTA, 5 mM NaCl, 2.5 mM DTT, 1 mg/ml BSA, 2 mM spermi-
dine, 0.2 ng of end-labeled probe (105 cpm), and 1 mg of poly(dI-dC) in
To identify proteins interacting with MASH1, we per-a total volume of 20 ml. After 15 min at room temperature, binding
formed a screen in yeast using the two-hybrid system (Fieldsreactions were loaded onto a 5% polyacrylamide gel (acrylamide:bisa-
and Sternglanz, 1994). In this experiment, a plasmid encod-crylamide ratio, 29:1) and run in 0.51 TBE.
ing a portion of MASH1 containing the bHLH domain (aa
71±181; Guillemot and Joyner, 1993) in fusion with the
RNA in Situ Hybridization LexA DNA-binding domain was introduced in the L40 yeast
strain which carried the two reporter genes LacZ and HIS3
Whole mount in situ hybridizations were performed as described
under the control of upstream LexA-binding sites (Vojtekin DeÂcimo et al. (1995). In situ hybridizations of 35S-labeled probes
et al., 1993). In control tests, the L40/LexA-MASH1 strainwere performed on frozen sections of mouse embryos as described
showed no LacZ expression and did not grow in syntheticin DeÂcimo et al. (1995). Brie¯y, 12.5-d.p.c. and younger embryos
medium lacking His and containing 25 mM inhibitor 3AT,were frozen in OCT embedding medium (Miles) placed on dry ice,
and older embryos were immersed in isopentane chilled in liquid which eliminated background HIS3 gene activity (Vojtek
nitrogen. Frozen embryos were cut in 10-mm-thick sections using et al., 1993). When LexA-MASH1 was coexpressed with a
a cryostat. Frozen sections were dipped in ice-cold acetone for 3 plasmid encoding the bHLH domain of E12 in fusion with
min, air-dried, ®xed in 4% formaldehyde in phosphate-buffered sa- the VP16 transcription activation domain (TAD), both re-
line (PBS) at 47C for 15 min, rinsed in PBS, acetylated in 0.25% porter genes were activated as a result of MASH1-E12 heter-
acetic anhydride in 0.1 M triethanolamine buffer at room tempera- odimerization (data not shown). Thus, the L40/LexA-
ture for 10 min, and incubated in 50% formamide, 150 mM sodium
MASH1 strain was suitable for the identi®cation of novelchloride, 15 mM sodium citrate, pH 7.0, at 607C for 10 min and then
interacting partners of MASH1.in 50, 70, and 100% ethanol at 0207C. Sections were hybridized
A mouse embryonic (9.5±12.5 d.p.c.) cDNA expressionovernight at 557C in a buffer containing 50% formamide, 300 mM
library fused to VP16 TAD (vom Baur et al., 1996) was trans-sodium chloride, 20 mM Tris, pH 8.0, 10 mM sodium phosphate,
and 10% dextran sulfate and washed at 657C in a solution con- formed into the L40/LexA-MASH1 strain. From a total of
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FIG. 1. Math4A cDNA sequence and sequence similarity with other bHLH proteins. (A) Nucleotide sequence and predicted open reading
frame of Math4A. The deduced amino acid sequence is shown as a single-letter code. The bHLH region is boxed. (B) Alignment of the
MATH4A bHLH region with those of other tissue-speci®c bHLH proteins. Residues speci®c for atonal-related bHLH domains within the
consensus sequence are underlined. A dash indicates amino acid identity at this position. Database Accession numbers: MATH1, D43694;
MATH2/Nex1, D44480, U29086; kw8, D82868; atonal, A40708; NeuroD/BETA2, U28068, U24679; C34E10.7, U10402; RACK17, U48250;
Lin32, U15418.
4 1 106 transformants, 626 colonies grew on selective me- isolated, and their plasmids rescued and retransformed into
the L40 strain with the original bait or with an expressiondium, 200 of which have been analyzed. Of these clones,
196 were also b-galactosidase positive. To test for the speci- plasmid encoding LexA alone or the LexA-Lamin fusion
protein as negative controls. Only 22 clones failed to inter-®city of the interactions with MASH1, these clones were
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act with LexA-MASH1 in the control experiment or acti- II (S35, S36, T141, T149, S237), protein kinase C (S50, T112,
T153, T167), and cAMP- and cGMP-dependent protein ki-vated reporter gene transcription with LexA alone or with
LexA-Lamin. To identify the 178 remaining clones, system- nases (S91). Sequence alignment of different bHLH domains
(Fig. 1B) showed that MATH4A belongs to a family of pro-atic sequence analysis was performed. The sequence analy-
sis revealed that 15 of these clones encoded bHLH proteins, teins with bHLH domains very similar to that of the Dro-
sophila proneural gene atonal (Jarman et al., 1993). Withinthe remaining ones corresponding to unrelated known
genes or novel genes. Analysis of these last two groups of the bHLH region, MATH4A exhibits 69% sequence identity
with mouse NeuroD/BETA2 (Lee et al., 1995; Naya et al.,clones is in progress.
Among the clones encoding bHLH proteins, we isolated 1995), 66% with mouse MATH2/NEX-1 (BartholomaÈ and
Nave, 1994; Shimizu et al., 1995), 64% with MATH3 (IsakacDNAs for the ubiquitously expressed proteins E12, E47,
ITFII, and HEB. The E2A gene product E12 has been shown et al., 1996), 59% with MATH1 (Akazawa et al., 1995), and
54% with atonal (Jarman et al., 1993). MATH4A sharespreviously to dimerize with MASH1 by coimmunoprecipi-
tation (Johnson et al., 1992). Another clone encoded the with atonal and related proteins the amino acids M125,
L128, and D133 in the ®rst helix of the bHLH domain andtissue-speci®c bHLH protein Thing1/Hxt/eHand, recently
isolated in protein interaction screens with ubiquitous L148 in the loop, which appear to be characteristic of this
gene family. The residue E121 in the basic region, whichbHLH proteins (Cross et al., 1995; Cserjesi et al., 1995;
Hollenberg et al., 1995). In addition, we identi®ed a novel has been shown in the bHLH proteins MyoD (Ma et al.,
1994) and Max (FerreÂ -D'AmareÂ et al., 1993) to make directbHLH protein which we named MATH4A (see below).
contacts with DNA, is also conserved in MATH4A. Outside
of the bHLH domain, no signi®cant homology was found
MATH4A Is a Novel Member of the Drosophila with atonal-related proteins or any other proteins in the
atonal-Related bHLH Family databases.
The designation Math4A (Mammalian atonal homologThe Math4A clone isolated in yeast contained an insert
4A) was based on the similarity of the bHLH domain of thisof 1413 bp (Fig. 1A), with an uninterrupted open reading
gene with those of other atonal-related genes and on ourframe (ORF) beginning at the ®rst ATG codon in frame with
subsequent identi®cation of two genes with very similarthe VP16 sequence at position 85. This putative start codon
bHLH domains (Math4B and Math4C, data not shown), con-was preceded by a sequence matching the Kozak consensus
stituting a novel subfamily of atonal-related genes.(Kozak, 1986). The ORF ended at a stop codon at position
874, suggesting that the cDNA clone contains the entire
coding sequence of Math4A. The deduced MATH4A poly- Interaction of MATH4A with MASH1 and E12
peptide is 263 amino acids in length (Mr  28,143 kDa, pI
 7.99) and contains a bHLH region near the center of the To test the speci®city of the interaction between
MATH4A and MASH1 revealed in the yeast screen, weprotein (Fig. 1A). It also contains an N-terminal Glu-rich
domain and a large number of Pro and Ser residues in its compared the interaction of MATH4A with MASH1, the
ubiquitous bHLH protein E12, and an unrelated bHLH pro-C-terminal portion, which are common features of tran-
scriptional activators (Tijan and Maniatis, 1994). Putative tein, Twist, which is expressed in mesoderm and neural
crest cells (Wolf et al., 1991). Interactions were analyzed inphosphorylation sites have been identi®ed for casein kinase
TABLE 1
MATH4A Speci®cally Interacts with E12 and MASH1 in Yeast
b-Galactosidase activitya (U)
VP16b VP16-MATH4A VP16-MASH1 VP16-E12 VP16-TWIST
LexAb 2.7 { 0.1 15.7 { 0.1 6.1 { 0.4 1.8 { 0.4 2.5 { 0.8
LexA-MATH4A 2.7 { 0.1 18.9 { 4 4.3 { 1.5c 65.0 { 9.8c 1
LexA-MASH1 1 186.1 { 21.2c 20.0 { 3 43.7 { 10.9 2.2 { 1.2
LexA-E12 2.4 21.6 { 0.2c 12.3 { 1.4 2.3 { 0.2 830.0 { 23.1
LexA-TWIST 1 1 4.2 { 0.8 173.6 { 20 1
a b-Galactosidase activity resulting from dimerization of fusion proteins containing bHLH motifs. LexA-bHLH fusion genes were trans-
formed in yeast L40 containing an appropriate LacZ reporter and various VP16 fusion plasmids. b-Galactosidase activity was measured
on three independent transformants grown in liquid culture.
b Interactions with unfused LexA and VP16 proteins were used as negative controls.
c MATH4A-E12 and MATH4A-MASH1 interactions were sensitive to the direction in which they were tested, a phenomenon which
has been observed for numerous interactions in the two-hybrid system (Estojak et al., 1995).
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the yeast two-hybrid system, where they were detected by
growth in selective medium or measurement of b-galactosi-
dase activity and in an in vitro assay.
Interactions between bHLH proteins were analyzed in a
semiquantitative manner in yeast cells by transformation
with expression plasmids and measurement of b-galactosi-
dase activity using a colorimetric assay (Table 1). In this
experiment, MASH1 and MATH4A interacted with each
other and with E12, but not with Twist or the negative
controls. When the second helix of the bHLH domain of
MASH1 was deleted in the LexA fusion protein, the interac-
tion with MATH4A, measured by growth in synthetic me-
dium lacking His, was abolished suggesting that the HLH
domain of MASH1 mediates the dimerization with MA-
TH4A (data not shown).
Interaction properties of MATH4A and other bHLH pro-
teins were also examined in vitro, using GST fusion pro-
teins produced in bacteria and 35S-labeled, in vitro-trans-
lated proteins (Fig. 2). Results obtained in this assay were
consistent with those from the yeast interaction assay.
MATH4A and MASH1 formed complexes with each other
and with E12, but not with Twist. In addition, MASH1 and
MATH4A bound to themselves in this assay. Thus,
MATH4A interacts with the ubiquitous protein E12 and
the neural-speci®c protein MASH1, but not with a bHLH
protein from another family, both in yeast and in vitro.
DNA Binding Properties of MATH4A
Tissue-speci®c bHLH proteins have been shown to bind
E-box-containing sequences as heterodimers with ubiqui-
tous bHLH proteins such as E12 or E47 (Murre et al., 1989).
In particular, NeuroD/BETA2 regulates transcription of the
insulin gene by binding with high af®nity to an E-box-con-
taining sequence of the insulin gene promoter in a complex
FIG. 2. MATH4A speci®cally interacts with E12 and MASH1 inwith E47 (Naya et al., 1995). Since the basic regions of
vitro. In vitro-translated and radiolabeled proteins were incubatedMATH4A and NeuroD/BETA2 are very similar, we exam-
with GST fusion proteins immobilized on glutathione±Sepharoseined whether MATH4A binds to the insulin E-box sequence
beads. Unfused GST was used as a negative control. Retained radio-by using an electrophoretic mobility shift assay (EMSA).
labeled proteins were examined by SDS±PAGE and autoradiogra-
Figure 3 shows that when NeuroD/BETA2 and E12 were phy. The arrowheads indicate the positions of 35S-labeled bound
cotranslated in vitro, a slower migrating complex formed proteins.
(lane 17), suggesting that NeuroD/BETA2-E12 heterodimers
bind the insulin E-box sequence, as described in Naya et al.
(1995). Similarly, when MATH4A and E12 or MASH1 and
E12 were cotranslated, new complexes were formed, sug- tous partner by a tissue-speci®c bHLH protein may produce
gesting that MATH4A-E12 and MASH1-E12 dimers can a dimer recognizing a different range of E-box sequences
also bind to the insulin E-box sequence (lanes 3±5, 18, and (Brown and Baer, 1994; see Discussion).
19). In contrast, no speci®c bandshift was observed when
MATH4A and MASH1 were cotranslated and incubated
with a labeled insulin E-box oligonucleotide (lane 20). Also, Math4A Is Expressed in Undifferentiated Neural
MATH4A homodimers, which can form in vitro, were not Precursors
found to bind the E-box sequence (lane 15). These results
may suggest that heterodimers between the tissue-speci®c The Math4A clone was isolated from a cDNA library
generated from 9.5- to 12.5-d.p.c. mouse embryos, sug-bHLH proteins MASH1 and MATH4A do not bind E-box
sequences ef®ciently. An alternative interpretation is that gesting that the gene is expressed during embryonic devel-
opment. Northern blot analysis on total RNA isolated fromthe composition of a bHLH dimer could in¯uence its DNA-
binding speci®city. For example, replacement of a ubiqui- 10.5- to 14.5-d.p.c. mouse embryos showed that Math4A
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FIG. 3. DNA-binding activity of MATH4A. In vitro-translated products were assayed by gel mobility shift assay for binding to the insulin
E-box containing RIPE3 probe (Naya et al., 1995). Two microliters of each translation product was used for the binding reactions, except
for lanes 4 and 7 (4 ml of MATH4A translation product) and lanes 5 and 8 (6 ml of MATH4A). A 50 M excess of unlabeled double-stranded
RIPE3 probe (S) competed for the MATH4A/E12 heterodimer, whereas an unrelated sequence (NS) had no effect, suggesting that the
binding was speci®c (lanes 9±11). The background bands present in all lanes represent complexes from the reticulocyte lysate binding to
the probe. Competition for MATH4A-E12 binding with the unlabeled probe was only partial, probably because the probe also competed
for binding to these other complexes, as shown by the reduction of background bands. The RIPE3 sequence is shown with the E-box
underlined. Positions of the MATH4A-E12, NeuroD-E12, and MASH1-E12 complexes are indicated.
cDNA hybridizes with a 2.8-kb mRNA transcript (data not likely correspond to early migrating neural crest cells (Fig.
4B). By 10.5 d.p.c., Math4A was transcribed more rostrally,shown). Math4A expression was examined by RNA in situ
hybridization on whole embryos and tissue sections (Fig. in the dorsal telencephalon, the dorsal thalamus, and the
optic vesicles (Fig. 4C). At this and later embryonic stages,4). Math4A expression appeared restricted to the developing
CNS and PNS. Math4A transcripts were ®rst detected at 8.5 expression domains in the telencephalon and diencephalon
presented sharp borders which corresponded to boundariesd.p.c. and were localized initially to the neuroepithelium
of the ventral mesencephalon and to the ®rst epibranchial between major divisions of the forebrain. In particular, Ma-
th4A was expressed at high levels in the dorsal telencepha-placode (data not shown). A few hours later, transcripts were
also present in cells located in the basal plate of the spinal lon and excluded from the ventral telencephalon and was
expressed in the dorsal thalamus and absent from the ven-cord and in the ventral hindbrain, with the highest expres-
sion reached at midbrain level (data not shown). tral thalamus (Figs. 6A and 6D at 12.5 d.p.c.; Fig. 4D at
15.5 d.p.c.). Math4A transcripts were also present in theAt 9.5 d.p.c., Math4A was expressed in the ventral neural
tube, from the caudal spinal cord to the basal diencephalon pretectum and the mammilary and preoptic areas of the
hypothalamus (Figs. 6A and 6D at 12.5 d.p.c. and data notand in the three epibranchial placodes (Fig. 4A). Math4A
transcripts were also found in the dorsal-most region of the shown). Expression in the cerebral cortex, dorsal thalamus,
and retina remained at later embryonic stages. (Figs. 4E andspinal cord and in cells emanating from it, which most
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FIG. 5. Expression of Math4A in the cerebral cortex at 15.5 d.p.c. In situ hybridization of adjacent parasagittal sections with digoxygenin-
labeled RNA probes for Math4A. The section in (A) was also processed for immunoperoxidase staining of class III b tubulin, and the
section in (B) was processed for immunoperoxydase staining to detect BrdU incorporation. The BrdU was injected intraperitoneally to the
mother 2 hr before ®xation. Math4A expression is restricted to the ventricular and subventricular zones where cells are undifferentiated
(b tubulin0) and proliferating (BrdU/). Some Math4A-expressing cells have incorporated BrdU (arrows) and are thus dividing. cp, cortical
plate; iz, intermediate zone; svz, subventricular zone; vz, ventricular zone. Scale bar, 50 mm.
7A and data not shown). At birth, Math4A transcripts were vesicles at 15.5 d.p.c. for Math4A RNA and class III b tu-
bulin showed that Math4A expression was excluded fromstill present along the lateral ventricles of the telencephalic
vesicles and in the cerebellum. No expression was found in the cell layers where differentiating neurons migrate and
accumulate (Fig. 5A). Furthermore, double labeling for Ma-the adult brain (data not shown).
To determine at which stage in the differentiation of neu- th4A RNA and for BrdU incorporation showed that Math4A
expression in the cerebral wall was restricted to the ventric-ral lineages Math4A was expressed, double-labeling experi-
ments were performed with markers of postmitotic neurons ular zone (VZ) at high levels and the subventricular zone
(SVZ) at lower levels. Some of the Math4A-expressing cellsand neural precursors. Double labeling of the telencephalic
FIG. 4. Expression pattern of Math4A in the embryonic mouse nervous system. RNA in situ hybridization on a whole mount 9.5-d.p.c.
embryo (A), a transverse section of the spinal cord of a 9.5-d.p.c. embryo at trunk level (B), a parasagittal section of a 10.5-d.p.c. embryo
(C), a sagittal section of the head of a 15.5-d.p.c. embryo (D), and a coronal section of the head of a 17.5-d.p.c. embryo (E). (A) At 9.5 d.p.c.,
Math4A is expressed in the basal diencephalon, mesencephalon, hindbrain and spinal cord, in epibranchial placodes (arrows), and cells in
the dorsal spinal cord. (B) Math4A is expressed in the basal plate of the spinal cord, in cells on both sides of the roof plate, and in cells
detached from the dorsal neural tube which probably correspond to migrating neural crest cells (arrows). (C±E) From 10.5 d.p.c. until
birth, Math4A is expressed in the presumptive cerebral cortex (cc), dorsal thalamus (dt), and retina (optic vesicle, ov). Transcripts are also
found in the midbrain (not shown). Scale bars, 500 mm (A, C±E), 50 mm (B).
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in the VZ had incorporated BrdU after a 2-hr pulse and were and Weintraub, 1994; Lee et al., 1995). The expression of
the novel bHLH gene Math4A in undifferentiated neuralthus dividing (Fig. 5B). A similar restriction of expression to
undifferentiated zones was observed in the dorsal thalamus, precursors suggests that this gene controls early steps in
the development of neural lineages in the CNS and PNS ofretina, tectum, hindbrain, and spinal cord (Figs. 6A, 6D, and
7A and data not shown). mouse embryos.
Examination of the distribution of Math4A transcripts
using a nonradioactive RNA probe revealed that they were
MATH4A Belongs to a Family of Tissue-Speci®cnot present uniformly in VZ and SVZ cells. In the cerebral
bHLH Proteins Homologous to Drosophila atonalcortex (Fig. 5) and the retina (Fig. 7A), expressing cells were
grouped in clusters, among which a few cells presented tran- Sequence analysis has revealed that Math4A belongs to
a family of vertebrate genes expressed mainly in the nervousscripts levels above the expression in the rest of the cluster,
while other cells in the VZ showed no detectable expres- system and sharing high sequence similarity in a bHLH-
type domain with the Drosophila proneural gene atonal.sion. The labeled clusters spanned the thickness of the VZ,
as shown in the retina at E15.5 (Fig. 7A). A similar con- This family currently includes the genes MATH1 (Akazawa
et al., 1995), MATH2/NEX-1 (BartholomaÈ and Nave, 1994;®nement of expression to cell clusters in the retina has
been reported for CASH1, the chicken homolog of MASH1 Shimizu et al., 1995), NeuroD/BETA2 (Lee et al., 1995;
Naya et al., 1995), kw8/NDRF (Kume et al., 1996; Yasunami(Jasoni et al., 1994).
et al., 1996), and BETA3 (Peyton et al., 1996). Sequence
conservation within the family is highest in the basic re-
Limited Overlap of Math4A and Mash1 Expression gion, helix1, the C-terminal part of the loop, and helix2 of
Domains the bHLH domain. Indeed, a number of residues in helix1
(M125, H126, L128, L132, D133, V138) and the C-end ofBoth Math4A and Mash1 are expressed in neural precur-
sors of the embryonic CNS and PNS (Lo et al., 1991; Guille- the loop (K147, L148) are shared by most or all members of
the family and distinguish them from other bHLH genemot and Joyner, 1993; this study). To determine whether
the ability of MATH4A to interact with MASH1 in vitro families. Some of these residues (M125, L128, L148) are also
shared with Drosophila atonal and with two bHLH genesand in yeast could re¯ect an in vivo situation, the expres-
sion patterns of the two genes were compared. Adjacent of Caenorhabditis elegans, C34E10.7 and lin-32 (Jarman et
al., 1993; Zhao and Emmons, 1995; Fig. 1). Sequence diver-sections of the head region of embryos between 10.5 d.p.c.
and birth were hybridized with 35S- and digoxygenin-labeled gence in the family is highest in the six N-terminal residues
of the loop, except between MATH2/NEX1, NeuroD/RNA probes (Figs. 6 and 7 and data not shown). Math4A
and Mash1 expression patterns were for the most part dis- BETA2, and kw8/NDRF, which also share additional simi-
larity in helix1 and thus constitute a subfamily of moretinct, with overlaps limited mainly to posterior regions of
the brain. For instance, the two genes were coexpressed in closely related genes (93 to 96% similarity in the bHLH
domain). Of the murine genes, MATH1 is most similar tothe preoptic area of the hypothalamus, the retina, tectum,
cerebellar primordium, and hindbrain (Figs. 6 and 7). In con- Drosophila atonal, owing to the conservation of nonconsen-
sus residues in helix1 and helix2 (66% similarity withtrast, complementarity in expression of the two genes was
highest in the forebrain. Mash1 was highly expressed in the atonal in the bHLH domain versus 59 to 61% for other
members of the family).ventral telencephalon, in particular in the medial and lateral
ganglionic eminences, and in the ventral thalamus (Figs. 6B
and 6E), where Math4A was not expressed (Figs. 6A and Math4A Expression in the Nervous System6D). Conversely, Math4A was highly expressed in the VZ of
the cerebral cortex and dorsal thalamus, areas where Mash1 Genes of the atonal-related family are mainly expressed
in the nervous system. However, they are expressed in dif-transcripts were only detectable at low levels. In the devel-
oping PNS, expression of Math4A and Mash1 appeared to ferent regions and more strikingly at different stages of neu-
ral differentiation in their respective expression domains.be mutually exclusive. Mash1 is transiently and exclusively
expressed in autonomic ganglia (Lo et al., 1991; Guillemot MATH1 is transiently expressed in some of the cranial gan-
glia and in the dorsal spinal cord and hindbrain (Akazawaand Joyner, 1993). In contrast, Math4A was expressed in
epibranchial placodes, which produce sensory neurons con- et al., 1995). NeuroD expression is more widespread, with
transcripts detected in cranial ganglia, the olfactory epithe-tributing to some of the cranial ganglia (Fig. 4A).
lium, and in the brain, where it is transiently present in
differentiating neural cells (Lee et al., 1995). In contrast,
MATH2/Nex1 expression in the developing spinal cord andDISCUSSION
telencephalon marks postmitotic neurons and transcripts
are maintained in adult neurons of the cerebellum, hippo-In vertebrate and invertebrate organisms, families of
bHLH genes have been shown to regulate multiple steps in campus, and cerebral cortex (BartholomaÈ and Nave, 1994;
Shimizu et al., 1995). Math4A expression clearly differsthe development of neural tissues (Campuzano and Modo-
lell, 1992; Guillemot et al., 1993; Lo et al., 1994; Turner from these patterns in that it is restricted in the CNS to
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undifferentiated cells located in the ventricular and subven- in undifferentiated cells, it is possible that they specify in
neural precursors the production of distinct types of neu-tricular zones of the developing brain and spinal cord, at
least some of which are dividing. The stage-speci®c expres- rons. To address this issue, genetic experiments, and partic-
ularly the analysis of gain-of-function phenotypes, will besion of Math4A, NeuroD, and MATH2 in regions such as
the cerebral cortex (BartholomaÈ and Nave, 1994; Lee et al., necessary.
1995; Shimizu et al., 1995; this article) suggest that the
three genes are sequentially expressed in neuronal lineages,
where they are likely to perform distinct functions. The
MATH4A Can Interact with MASH1expression of Math4A is restricted to cell clusters in the
VZ and the SVZ, suggesting that this gene could establish
Interaction assays in vitro and in yeast have shown thatin precursor cells a particular state required for their subse-
MATH4A can homodimerize and heterodimerize with thequent differentiation. In contrast, the expression of NeuroD
ubiquitous bHLH protein E12, and also bind to the neural-and Math2 suggest that these genes promote and maintain
speci®c bHLH protein MASH1. These interactions appear toterminal differentiation, respectively. The activity of re-
be speci®c since there is no binding, for example, betweenlated bHLH genes at successive stages of development of
MATH4A and Twist, an unrelated bHLH protein expressed inneural lineages would be strikingly parallel to the sequen-
mesoderm and neural crest. Whether the interaction betweential roles of the myogenic bHLH genes in muscle develop-
MATH4A and MASH1 occurs in vivo and contributes to theirment (Jan and Jan, 1993; Olson and Klein, 1994).
function in neural precursors remains to be addressed. Analo-Math4A is ®rst expressed in cells of the neural tube which
gous interactions could take place between one of these factorsare presumably already committed to a neural fate. It is
and other tissue-speci®c bHLH proteins with more similarthus unlikely to have a function in this tissue analogous to
expression patterns. We have recently isolated the genesthat of atonal, which is a proneural gene promoting internal
Math4B and Math4C which are closely related to Math4A,sensory organ or photoreceptor cell development in ecto-
and analysis of the expression and biochemical properties ofderm cells in Drosophila (Jarman et al., 1993, 1994). How-
their products may determine whether they constitute likelyever, Math4A is also expressed in the epibranchial placodes
partners for interaction with MASH1 or MATH4A.(Fig. 4A and data not shown). The ectoderm cells of these
A MATH4A-E12 complex binds to the insulin E-box se-placodes generate sensory neurons which contribute to cra-
quence which is bound by NeuroD/BETA2 in pancreatic bnial ganglia, and Math4A is expressed in these cells before
cells (Naya et al., 1995). This is not surprising given the simi-the onset of neurogenesis (data not shown). Further expres-
larity of the DNA-binding basic regions of MATH4A and Neu-sion and functional studies will be necessary to determine
roD/BETA2 and the promiscuity of in vitro binding of bHLHwhether Math4A contributes to the speci®cation of a neural
proteins to E-boxes. In contrast, MATH4A homodimers andfate in these cells.
MATH4A-MASH1 heterodimers do not bind this E-box se-Loss-of-function and gain-of-function mutant phenotypes
quence. These complexes could lack DNA-binding activityin the ¯y have led to the hypothesis that atonal is an im-
altogether, as reported for some tissue-speci®c bHLH proteinportant determinant of Drosophila internal sensory organ
homodimers (Cabrera and Alonso, 1991). Formation of suchidentity, distinguishing it from the other proneural AS-C
complexes could be a mechanism to negatively regulate thegenes which promote external sensory organ development
transcriptional activity of these proteins. Alternatively, com-(Jarman et al., 1993). Interestingly, Math4A and Mash1,
plexes that do not contain ubiquitous bHLH proteins couldwhich are related to atonal and AS-C genes, respectively,
display distinct DNA-binding speci®cities. Along this line,have distinct and, in many regions of the nervous system,
speci®cities for different E-box sequences have been reportedcomplementary expression patterns. In the telencephalon,
for HEN1-HEN1 homodimers and HEN1-E12 heterodimersMash1 is mostly expressed in ventral domains and Math4A
(Brown and Baer, 1994). If this was the case for bHLH proteinsin cortical areas. In the diencephalon, Mash1 is highly ex-
like MATH4A and MASH1, formation of heterodimers be-pressed in the ventral thalamus, and Math4A in the dorsal
tween these proteins could substantially increase the reper-thalamus. In the PNS, Mash1 expression is restricted to
toire of genes that they activate. This combinatorial activityautonomic precursors, whereas Math4A is expressed in
of bHLH proteins could be a mechanism to specify distinctplacodes giving rise to sensory neurons. Given these differ-
ent expression patterns and that both genes are expressed neuronal phenotypes in different lineages.
FIG. 6. Expression of Math4A and Mash1 in the brain at 12.5 d.p.c. In situ hybridization of adjacent parasagittal sections (A±C) and
coronal sections (D±F) with 35S-labeled RNA probes for Math4A (A, D) and Mash1 (B, E). (C) and (F) are bright-®eld pictures of the sections
in (A) and adjacent to (D), respectively. Expression of Math4A and Mash1 overlap in some brain regions such as the tectum and preoptic
area. Math4A is also highly expressed in regions where Mash1 is expressed faintly or not at all, such as the dorsal thalamus and the
cerebral cortex. cc, cerebral cortex; ce, cerebellar primordium; dt, dorsal thalamus; h, hypothalamus; hb, hindbrain; oe, olfactory epithelium;
poa, preoptic area; re, retina; t, thalamus; te, tectum; vt, ventral thalamus. Scale bar, 500 mm.
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FIG. 7. Expression of Math4A and Mash1 in the retina at 15.5 d.p.c. In situ hybridization of adjacent sections with digoxygenin-labeled
RNA probes for Math4A (A) and Mash1 (B). Both genes are expressed in subsets of cells in the ventricular zone (vz) of the retina. gc,
ganglion cell layer. Scale bar, 50 mm.
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